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It has been suggestedthat strongly sorbing ions such as
plutonium may become irrewersibly bound to mineral
surfaces ower time which has implications for near- and
far-field transport of Pu. Batch adsorption—desorption
data were collectedas a function of time and pH to
study the surface stability of Pu on goethite. Pu(IV) was
adsorbed to goethite over the pH range 4.2 to 6.6 for
different periods of time (1,6, 15,34 and 116 days).
Following adsorption, Puwas leachedfrom the mineral
surface with desferrioxamine B (DFOB), a complexant
capable of effectively competing with the goethite
surface for Pu. The amount of Pu desorbed from the
goethite was found to vary as a function of the
adsorption equilibrationtime, with less Puremowed
from the goethite following longer adsorption periods.
This effectwas most pronounced at low pH.
Logarithmic desorption distribution ratios for each
adsorption equilibration time were fit to a pH-
dependent model. Model slopes decreasedbetween 1
and 116 days’ adsorption time, indicating that owerall
Pu(IV) surface stability on goethite surfaces becomes
less dependent on pH with greater adsorption
equilibration time. The combination of adsorption and
desorption kinetic data suggest that non-redox aging
processes affect Pusorption behavior on goethite.

Introduction

The production andtesting of nuclear weapons have
resulted in a legacy of plutonium(Pu) contamination in the
environment[1-4]. The mobility of Pu in the subsurfaceis
of particular concerndueto the long half-life of Pu (24,000
years for**°Pu) and its radiotoxicity. Pu sorption to
minerals is the main mechanismcontrolling its subsurface
mobility. Sorption of Pu to iron oxides, of which goethite
(0—FeOOH) is one of the most common, is of key interest
because iron oxides are ubiquitous in the environment [5, 6]
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and Pu exhibits a very high affinity foriron oxide surfaces.
Althoughitis generally assumed that that Pu is relatively
immobile due toits lowsolubility [7-10] and strong
sorptionofPu(IV) to mineral surfaces [11], long-distance
transport of Pu has been observed in association with
colloids [12-14], suggesting formation of highly stable Pu
surface complexes oncolloids. At the Mayaksite, colloid-
facilitated transport appearedto be driven by Pu association
with iron oxide colloids [13], In sorptionexperiments with
soluble Pu(V) and goethitecolloids in natural groundwater,
it was concludedthat Pu desorption rates are much slower
than adsorption rates [15, 16]. In acid leaching experiments,
stabilization of sorbed nanocrystalline Pu on hematite was
observedwith increasing contacttime [17]. Thus itis
hypothesized that observations of colloid-facilitated
transport are due to irreversible sorption or rate-limited
desorptionof Pu to colloids or rate-limited desorptionof Pu
fromcolloids [18, 19]. This hypothesis is supported by field
studies in which long distance, colloid-facilitated transport
of Pu has beenobserved [12, 13, 20].

Anirreversible reaction is an “exothermic reaction in which
the activation energy for the reversereaction is sufficiently
large that the reaction proceeds only in the forward
direction under practical conditions” [21]. When used in the
context of sorption reactions, irreversibility is characterized
by an inequality between adsorptionanddesorption
distribution coefficients. However, sorption reactions which
appear irreversible on short timescales (hours to days) may
actually be reversible andsimply have very slowrates of
adsorptionordesorption. In this case, as adsorption or
desorptiontimes are increased beyond typical laboratory
timescales, the inequality between adsorptionand
desorptiondistribution coefficients may vanish.

Aging is a “surfacechemical process that follows the initial
sorptionreactionand causes changes in contaminant
surface speciationovertime” [22]. These changesin
surface speciation could make the contaminant more stable
on the surface. Aging is manifested by distribution
coefficientswhich increase with contact time. As aresult,
the amount of contaminantwhich can be desorbed
decreases with increasing contact time. Depending onthe
timescales ofadsorption/desorption, aging cangive the
appearanceofirreversible sorption. Thus, the irreversible
adsorptionattributedto colloid facilitated Pu transport at
the Mayak Site [13] and the slow desorptionrates observed
in batch Pu goethite sorption experiments [15, 16] could be
attributedto aging.

Thoughseveral hypotheses regarding the underlying
mechanisms ofaging (orirreversible sorption) have been
proposed, fewhave beenexplicitly proven. The sorbate
may undergo a change in surface speciation overtime,
eitherby the formation of shorterand stronger bonds with
the surface or by the physical transfer of the sorbateto sites
of higherreactivity [23-26]. As goethite is a microporous
mineral [27, 28], aging on goethite may also occurby
aqueous diffusioninto micropores followed by sorption to
interiorsites [17,23-26, 29-32]. Surface precipitationof
the sorbate has beensuggested asan aging process [24, 25,
31]. Anotherproposedaging processis surface exchange,
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where a sorbate atomexchanges with an iron atomin the
mineral lattice and becomes structurally incorporated [33].
Incorporation ofthe sorbateas a result of mineral
recrystallization has also beenidentified as an aging
process [26, 31, 32, 34]. Surface mediated reduction of
Pu(V) to Pu(lV), which has been observed on iron oxide
and other mineral surfaces [35-39] may also exhibit the
characteristics ofan aging process. In cases where
researchers have observeda rapid sorptionstep followed by
a second, slowsorptionstep, thesecondreactionhas been
attributedto diffusion of Pu into micropores or surface
mediated reduction of Pu(V) [35, 40].

Regardless ofthe proposed aging mechanisms discussed
above, numerical descriptions ofagingare typically
parameterized as two consecutive reactions: an initial
sorptionreactionfollowed by a secondaging reaction. This
consideration of multiple kinetic sites is necessary to
evaluate aging processes. Since sorption of ionsto the
initial sites appears to be rapid, the rate of the second
reaction should be the rate limiting step. Thus, the rate of
slow uptake commonly observedin the second phase ofa
kinetic sorptionexperiment couldbe a proxy ofthe aging
process onthe surface.

Pu Redox Behavior and Sorption on Iron
Oxides

Plutoniumcan exist in the +111, +IV, +V and +VI valence
states simultaneously under natural conditions [41, 42]. At
moderate pHand E,, Pu(IV) and Pu(V) are the dominant
oxidation states, whereas Pu(lll) and Pu(\1) are generally
only stable underanoxic oroxic conditions, respectively
[43]. Due to the profoundinsolubility of Pu(IV), it is
commonly found in ligand-free solutions as a precipitate or
sorbedto solid phases. Conversely, Pu(V) is more soluble
and the stable oxidation stateofaqueous Pu in dilute salt
solutions and seawater [44, 45]. Therefore,acommon
observationis that Pu(V) is the dominant aqueous phase
oxidation stateand Pu(1V) is the dominant oxidation state
in solid phases. This is illustrated by the solubility of
PuO, phases under oxic conditions where the solubility
limit is approximately 10°® to 10°° M with the aqueous
phase dominated by Pu(V) [7, 46-48].

The distributionof Pu(IV) and Pu(V) oxidation states
primarily betweensolid andaqueous, phases, respectively,
has also been observed in sorption experiments [35, 36, 38—
40, 49-51]. The sorptionedges of Pu(IV) and Pu(V)
correlate with the hydrolysis of Pu in these oxidation states
[7-10, 35, 36]. On goethite, thesorptionedgefor Pu(lV),
which beginsto hydrolyze [7-10, 52] to Pu(OH),** species
atpH 1, is inthe pHrange 3to 5 [35, 52]. After24 hours,
the sorptionedgefor Pu(V) is in the pHrange 6to 8, which
is consistent with theexpected hydrolysis of Pu(V) at pH
<9.7 [35, 52]. However, Pu(V) undergoes surface mediated
reductionto Pu(IV) on iron oxides, leading to a shift in the
sorptionedge to a lower pHovertime [35-39]. Thus, if
Pu(V) is presentin the pHrange 3to 8the fraction of
sorbedPu is observedto increaseovertime [35-39]. The
dominance ofaqueous Pu(V)and its reduction implies that
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reductionofPu(V) to Pu(IV) is asurface mediated process.
Few desorption studies have been performed which monitor
the aqueous oxidation state of desorbed Pu. Thus, it is
unclearif desorption is coupled with a surface mediated
oxidation step. Using PuO,, solubility studies as a proxy
for desorption studies, similar dominance of aqueous Pu(V)
has been observed [46-48].

Because multiple Pu oxidation states may be present
simultaneously, it is necessary to knowthedistribution of
sorbedand aqueous oxidation states in sorption experiments
[53]. One method to simplify the systemis to add an
organic ligand which can stabilize aqueous Pu(IV) and
avoid the formation of Pu(V). In this case, the amount of Pu
which can be desorbed fromthe mineral surface can be
related to the relative stability of the Pu(IV)—surfaceand the
Pu(IV)-ligand complexes withoutneeding to address the
additional complexity of Pu(1V) oxidation.
Desferrioxamine B (DFOB) can be used to stabilize Pu(IV)
as the dominantaqueous oxidation state across a wide range
of experimental conditions (pH, concentration, atmospheric
conditions; Fig. A1) [54, 55]. In addition, the aqueous
Pu(IV)-DFOB complex can effectively promote Pu(IV)
desorption fromgoethite. Equilibriumspeciation
calculations under atmospheric conditions showthat
Pu(IV)-DFOB complexes dominate over Pu(OH), "™
species betweenpH4and 8at concentrations 0of 10™° M
Pu(lV) and 1.7 uM DFOB (Fig. A2). Underthese
conditions, the high stability of Pu(1\V)-DFOB complexes
are expected to thermodynamically maintain the dominance
of the aqueous Pu(IV)-DFOB complexes and minimize
Pu(IV) oxidation to Pu(V) underatmospheric conditions
(Fig. Al).

In this work, an alternativeapproachto examining aging
has been utilized wherein desorption of Pu is monitored
using a strongaqueous complexant (i.e. DFOB) that
promotes Pu desorption and controls the Pu oxidation state.
Adsorptionequilibration periods as longas 4 months were
examined to test theexistence of very slowaging processes.
Desorption was carried outaftera 34 day equilibration
period for the same reasons. The overall surfacestability of
Pu as a function of adsorption equilibration time was
quantified by examining the linear relationship between
logarithmic distributions ratios (log Rg) and pH values.

Materials and Methods

Acids andbases used were Aristar Plus grade. Cyclohexane
(Alpha Aesar)andsodiumchlorideused were ACS reagent
grade. Allwater used was distilled and deionized with
resistivity >18 MQ-cm. A DFOB stocksolution was
prepared at a concentration of 1.7mM by dissolving
desferoxamine mesylatesalt (Sigma Aldrich) in deionized
water.

The goethite was preparedas described previously [22] and
had a BET surface area of 42 m’/g. A goethitestock
suspensionof 8.0 g/L was prepared by suspending goethite

in 100 mL deionized water, centrifugingto a particle size
cutoffof100 nm, and replacing supernatantwith fresh
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deionized water. This washing stepwas performed three
times to remove <100 nm goethite fines. The final goethite
stockwas suspendedin 100 mL 10 mM NaCl.

Concentrations of 2*®Pu were measured by liquid
scintillation counting. Samples were prepared foralpha
spectroscopic analysis with Optiphase Hisafe 3scintillation
cocktail (Perkin Elmer) and countedwith alpha/beta
discrimination using a Wallac model 1415, Hidex 300SL,
or Perkin Elmer Tri-Carb 2910 TR liquid scintillation
counter. Foreach instrument, Pu stock solutions were
measured sothataqueous Pu concentrations could be
calculated asa fraction of Pu added to samples.

Concentrations of***Pu were measured by liquid
scintillation counting. Samples were prepared foralpha
spectroscopic analysis with Optiphase Hisafe 3scintillation
cocktail (Perkin Elmer) and counted with alpha/beta
discrimination using a Wallac model 1415, Hidex 300SL,
or Perkin Elmer Tri-Carb 2910 TR liquid scintillation
counter. Foreach instrument, Pu stock solutions were
measured sothataqueous Pu concentrations could be
calculated as a fraction of Pu added to samples.

Pu Stock Solutions and Oxidation State
Analyis

Astocksolutionof6.6 x 10° M #*pu(1V) was prepared by
evaporating ***Pu(V) stock (Isotope Products) in 1 M HNO;
and redissolvingin 0.1 M HCI. A Pu—-DFOB stocksolution
was prepared by adding DFOBto 1 mL Pu(IV) stock
solutionto yield 3.3x 10> M DFOB and 5.9 x 10® M Pu.
Because the Pu concentrations in stock solutionsand
samples were too lowto usedirect observation techniques
(e.g. UV-Vis spectroscopy), well-established co-
precipitationandsolvent extraction technigques were used to
determine Pu oxidation state. The oxidation state ofthe
DFOB-free Pu(lV) stocksolution was verified to be 91.9+
0.6 % Pu(IV) by lanthanumfluoride co-precipitation [56,
57]. The oxidation state of some DFOB-free samples was
measured by organic solventextraction with 0.025 M 1-
phenyl-3-methyl-4-benzoyl-pyrazole-5-one (PMBP; Tokyo
Chemistry Industry Co., Ltd.) in cyclohexane, which
extracts Pu(lV) into the organic phase, leaving oxidized Pu
in the aqueous phase [10, 58]. Aqueous and organic
fractions of Pu were measured by liquid scintillation
counting with alpha/beta discrimination. The Pu oxidation
state ofthe solutions containing DFOB could not be
verified due to interference of DFOB with the co-
precipitationreaction and solvent extraction. The oxidation
state of Pu in the Pu—DFOB stock solutionis assumed tobe
Pu(IV) basedon theinitial Pu(lV) state ofthe stock
solutionand the strong complexation of DFOB with

Pu(IV) [54].

Pu Batch Adsorption-Desorption in the
Presence and Absence of DFOB

An adsorption—-desorption batch experiment with Pu was

performed on goethitesuspensions as a functionofpHto

establish that the presence of DFOBwill limit Pu
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adsorptionandenhance Pu desorption compared to a
DFOB-free solution. Solutions of 10mM NaCl and 0.075
g/Lgoethite were prepared in 15 mL polyethylene tubes.
Afteraddition of Pu fromPu(IV) or Pu-DFOB stock
solutions, the final Pu concentration of samples was ~1.7 x
10" M for DFOB-containing samples and=~1.9 x 10° M
for DFOB-free samples. The total Pu added to eachsample
fromstocksolutions was determined gravimetrically.
Additional DFOB was added to DFOB-containing samples
fromthe DFOB stocksolutionto yield 1.7 uM DFOB.
Sample pHvalues were adjusted to 6 and 8 with dilute HCI
and NaOH. During adsorption, aqueous Pu was measured at
2 hours,5hours, 1,3, 10, and 25days. Then, the
supernatant was replaced with either 1.7 uM DFOB or
DFOB-free solution, and aqueous Pu was monitored during
desorption (see Supporting Information). Sampling
consisted of transferring a 1.4 mL homogenous aliquotto a
microcentrifuge tube, centrifugationat 8000 rpm for 20
minutes (Beckman and Coulter Allegra 22R centrifuge with
F2402 rotor) which is calculated toremove particles >100
nm based on Stoke’s Law, and measuring the Pu
concentration in the supernatant. First-order adsorption rate
constants were estimated by fitting measurements spanning
2 hours —25days.

Effect of Adsorption Equilibrium Time on
Pu(lV) Surface Stability

Preliminary experiments suggested that Pu(IV) desorption
behaviorwas dependent on adsorptiontime. To test the
effect of adsorptiontime on desorption behavior, DFOB-
free solutions of 10mM NaCl and 0.10 g/Lgoethite were
prepared in 1.5mL microcentrifuge tubesin duplicate. The
Pu(IV) stocksolution was spiked into each sample to yield
~1.2 x 10™ M Pu. The total Pu addedto each sample from
stocksolutions was determined gravimetrically. The
samples were initially adjusted topH 4,5, 6, 7 and 8using
dilute HCI and NaOH, but allowed to drift during the
adsorptionperiod. Most of the pH drift occurred in the first
day. The finalpHrange spanned 4.2to 6.6.

Samples were allowed to equilibrate for 1, 6, 15, 34 and
116 days. Following the adsorption step, samples were
centrifugedto remove particles >100nm fromthe
supernatant andthe Pu concentration in the supernatant was
measured. Then, thesupernatantwas quantitatively
replaced witha 1.7 uM DFOB solution adjustedto pH4, 5,
6, 7, and 8 using dilute HCland NaOH. DesorptionofPu
from each sample was allowed to occur for 34days forall
samples, regardless of the initial equilibration time. Finally,
samples were centrifuged to remove particles >100nm
fromthe supernatant and the Pu concentration in the
supernatant was measured.

Use of DFOB in Pu-Goethite Sorption
Experiments

DFOB was used to enhance desorptionof Puand to
stabilize Pu(lV) as the dominant aqueous oxidationstate.
Although DFOB strongly complexes Fe(ll1) in aqueous
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solution, DFOB has been shownto interact weakly with the
goethitesurface at pH3to 9 due to electrostatic repulsion
of the cationic DFOBand also to steric hindrance [59-61].
Based on previous DFOB-goethitesorption isotherms [59,
60] at pH 5 and 6.6, it is estimated thatfor 1.7 uM total
DFOB and 0.1 g/L goethiteonly 2—-6 % of DFOB sorbs (see
Appendix). Furthermore, despite the formation of strong
Fe(111)-DFOB complexes, low dissolution rates of 0.01 to
0.02 umol/(g-h) are observed for goethite in the presence of
DFOB [60, 62]. Therefore, as will be discussed below, Pu—
ligand complexation rather than goethite dissolution is the
driving mechanismfor release ofsorbed Pu. The
dissolution of goethite was tested by measuring aqueous
iron concentrations in the presence of DFOB by Inductively
Coupled Plasma Mass Spectrometry, (ICP-MS, Thermo
Scientific XSeries 2).

Because DFOB interacts weakly with goethite surfaces,
formation of ternary goethite—DFOB—-Pu surface compleses
is expected to be minimal. As aresult, DFOB s expected to
have little effect on Pu surfacespeciationand only facilitate
desorptionof Pu. Forthe experimental conditions of this
work, our conceptual modelis that Pu sorptionto goethite
may be treated asa binary systemof=FeOH-Pu(IV)
surface complexes and aqueous Pu(IV)-DFOB complexes.
Thus, differences in measured distribution ratios can be
attributed directly to changes in the bindingenergy of the
=FeOH-Pu(IV) surface complex

Calculations

All data are presented as percent sorbed, percentdesorbed,
or adistributionratio. Distribution ratios, Ry (mL/g), were
calculated fromthe aqueous Pu concentration, Cp, 4q
(mol/L), and the total Pu addedto eachsample, Cpy total
(mol/L), according to Equation 1, where SS (g/L) represents
the suspended solids concentration

R, = Cpu,total - CPu,aq i &0 (1)

Crua SS

Distribution ratios are not equivalentto the more traditional
distribution coefficient, K4, because in the former case, an
equilibriumcondition is notassumed. Foradsorption
measurements, the percent sorbed was calculated based on
the total Pu added at the beginning ofthe experiment. For
desorption measurements, the percent (de)sorbed was
calculated based on theestimated total Pu remaining in
samples after the supernatant was exchanged.

Least-squares regression fitting was used to estimate the
first-order adsorption rate constants, k; (s ™*), according to
Equation 2, where tis adsorptiontime in seconds. During
fitting, the aqueous Pu concentration at time zero, Cp, .4(0),
and k¢were treated as adjustable parameters.

— -kit
CPu,aq(t) - C:Pu,aq(o)e f (2)
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Results and Discussion

Pu Batch Adsorption—-Desorption in the
Presence and Absence of DFOB

In all samples, there is arapid Pu adsorptionstep that
occurs within thefirst 2hours (Fig. 1). After 2hours, the
extent of Pu sorption tendsto increase slowly forat least25
days in DFOBand DFOB-free solutions. Thus, it appears
that adsorption aging effects exist both in the presenceand
absence of DFOB.

100 gf&/y/ﬁ
80 /’@/'/_@
60 |-

40 | %
K

0k# ha

Percent of Pu Sorbed

5 10 15 20 25
Adsorption Time (days)

pH=6, DFOB-free
pH=8, DFOB-free
pH=6, DFOB
pH=8, DFOB

Fig. 1. Adsorption of Puona 0.075 g/L goethite suspension with
10 mM NacCl for ionic strength control. Puwas initially added as
Pu(1V). Solutions contained 1.7 yM DFOB or were DFOB-free.
Lines indicate first-order rate models fit to the data. Error bars
represent two standard deviations of measurement uncertainty
derived from countingstatistics. T he first data point was collected
after a2 hour adsorption time period.

Between 2hours and 25days, thepercentPu sorbedin
DFOB-containingsamples increases from9.7 £ 0.5 %to
27.7£0.8 %and from22.6 £ 0.4 %t043.9 + 0.6 %atpH6
and 8, respectively. Asaresult of DFOBstabilizing Pu(1V)
in solution, surface mediated reduction of Pu(V) should not
be a relevant aging mechanismin these samples. Thus, we
attribute the increasein sorptionto non-redoxaging effects.

The percentPu sorbed for the DFOB-free sample increases
between 2hoursand 25days from87.74 £ 0.16 % to 98.40
+0.07 % at pH 8. Itis noteworthy that in the absence of
DFOB, Pu(IV)/Pu(V) redoxtransformations may influence
the partitioning of Pu. Oxidation state analysis ofaqueous
Pu in DFOB-free samples with solventextraction confirms
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that Pu(V/VI) is the stable aqueous formofPu in these
samples. In samplesadsorbed for25days at pH6and 8, 97
+7 % and 100 + 12 % of supernatantPu is in the V/VI
oxidation state, respectively. However, the surface area
normalized adsorptionrate observedat pH8(1.08 + 0.10 x
10" L/(m?h)) is much lower the published rate of surface
mediated reductionofPu(V) (2.3 + 0.7 x 10 L/(m*h))
[38]. Thus, despite thelikely occurrence of redox
transformations at early time (days), some process other
than surface mediated reduction of Pu(V) is responsible for
observedagingbehavior in the presence and absence of
DFOB overthe long term.

The presence of DFOB causes a marked decrease in the
percent ofsorbed Pu (Fig. 1), and greater sorption is
observedat pH 8relative to pH 6. Aqueous equilibrium
speciation modeling indicates Pu speciation in 1.7 uM
DFOB at pH 6 and 8 underatmospheric conditions is
dominated by PuH,(DFOB),** rather than Pu(OH),"**
species (Figs. Aland A2). Becauseternary goethite—
DFOB-Pu complexes are not expected toform, the slightly
greatersorptionat pH 8relative to pH6 is likely dueto the
increased stability of Pu(IV)—goethite surface complexes
with increasing pH.

Dissolvediron measurements in the presence of DFOB
were belowthe ICP-MS detection limit of 2.8 uM.
However, given that the DFOB concentration is only 1.7
puM, competition between Fe and Pu for DFOB may have
occurred in these samples. Nevertheless, theenhanced
aqueous concentrationofPu in the presenceof DFOB
indicates thatthe Pu-DFOB complexes can formdespite a
portion of DFOB forming Fe—DFOB complexes. Some Pu
desorptionasaresult of goethite dissolutionmay have
occurred. However, theamount of goethite surfacearea
available for Pu sorptiondid not decrease over the course of
these experiments. Thus, we can conclude that formation of
soluble Pu-DFOB complexes is the dominant mechanism
responsible for the higheraqueous Pu concentrations in the
presence of DFOB.

After 25 days’ adsorption, the samples were phase
separatedand supernatants exchanged for fresh Pu-free
solutions of the same pHand DFOB concentrationas in the
initial adsorptionstep. In less than 3hours, desorptionwas
greater in DFOB samples than DFOB-free samples (Fig.
Ad). At 3 hours, the percent of Puremaining sorbed in
DFOB solutionswas 74.8+ 0.4 % and 85.2 + 0.30 % at pH
6 and 8, respectively. In contrast, the percentofPu
remaining sorbed in DFOB-free solutionswas 96.44 + 0.11
% and 97.3 £ 0.09 % at pH 6 and 8, respectively.
Importantly, in the presence of DFOB, Pu desorption
experiments appear to havereachedequilibriumafter 18
hours. In the DFOB-free samples, the pH 8 Pu desorption
experiment neared equilibriumby three days while the pH 6
experiment approached equilibriummuch more slowly.
Thus, it is apparent that DFOB can effectively facilitate and
accelerate Pu desorptionfromgoethite and thatdesorption
equilibriumis achievedon thetimescale of days.
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Results of Varying Adsorption Equilibrium
Time

In orderto testthe effectofadsorption equilibration time
(in the absence of DFOB) on Pu surface stability, a batch
adsorption—desorptionexperiment was conducted on
goethitesuspensions with varying adsorption times in
DFOB-free solutionand a constant desorption time of 34
days in 1.7 uM DFOB solution. The DFOB-free adsorption
data (Fig. 2) support the conceptual model of Pu aging on
the goethite surface. Thisagingis seenas a steady shift in
the sorptionedgetowards lower pHvalues forup to 116
days. This is in contrast to previously observed rates of
surface mediated reduction, where greater than 90% of
Pu(V) reductionwas observed within 24 hours [38]. Thus,
the observed aging is likely the result of a mechanismother
than surface mediated reductionoccurring on the goethite
surface.
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Fig. 2. Logarithmic adsorption distribution ratios (Rq) for Puon
0.10 g/L goethite suspensions as a function of pH and time. Total
Pu concentration is 1.2 x 101 M, and ionic strength was
controlledwith 10 mM NacCl. Error bars indicate two standard
deviations of measurement uncertainty derived from counting
statistics.
The effect ofaging on Pu desorptionwas tested by
performing a 34 day desorption in 1.7 uM DFOB solution
on each ofthe adsorptionsamples. The 34 days provided
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ample time for samples to reachequilibrium(Fig. A4). The
decrease in percent DFOB-desorbable Pu with increasing
adsorptiontime is indicative of Pu stabilization on the
goethitesurface (Fig. 3). During DFOB-free adsorption at
pH 4, we can expect only trace amounts of Pu(V) to be
sorbedto the goethite surface [35]. Thus, aging behavior at
pH 4 must be the result of Pu(IV) stabilization on the
goethitesurface and not Pu(1V)/(V) redoxtransformations.
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Fig. 3. The percent of Pudesorbed is plotted against adsorption
equilibration time. Samples initially contained 1.2 x 10" M total
Pu before supernatant replacement and desorption with 1.7 uM
DFOB for 34 days. The mean pH values of each sample group are
shown in the legend. Goethite suspension concentration was0.10
g/L, and ionic strength was controlledwith 10 mM NaCl. Error
bars indicate the standard deviation of duplicates.

The aging behavior observed in the desorption data is more
pronouncedat lower pHvalues. At pH 4.2, the percent Pu
desorbeddecreases from76.8 £ 1.1 % t029.8 + 2.1 %
between 1and 116 days of adsorption equilibration, and, at
pH 6.6, the percent of Pu desorbed decreases from46 + 6 %
to 25 £ 4 %, for the same periods ofadsorption. Thegreater
change overtime in the percentPu desorbed suggests that
aging is pH-dependent. The pH-dependence may reflect the
presence ofastrongly sorbing (and less labile) formof Pu
on the goethitesurface at high pH values. However, the
underlying reason for the pH dependence cannot be

identified with thesedata.
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To furtherevaluate the pH-and time- dependence of
desorption, logarithmic desorption Ry values foreach
adsorptionequilibration time were plotted against pH (Fig.
4) and were fit with a linear modelwhich considers a pH-
dependentand a pH-independent term (Eq. 3).

logRy =slope x pH + intercept 3
Forsamples adsorbed for 1to 34 days, theestimatedslopes
range from0.2 to 0.32, while at 116 days, the slope
decreasesto 0.06. These results suggestthat Pu surface
stability becomes less pH-dependent with increasing
adsorptionequilibrationtime. It also suggests that a pH-
independentRyvalue may describe the Pu desorptionfrom
goethiteat longer, environmentally relevanttimescales.
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- desorption time=34 d
slope=0.24 + 0.04

Desorption logR,

adsorption time=116 d
I desorption time=34d
slope=0.06 + 0.03

pH pH

Fig. 4. Logarithmic desorption distribution ratios (Rq) for Pu
resulting from adsorption in DFOB-free solution for various
equilibration times (indicated), supernatant replacement, and
desorption in 1.7 pM DFOB solution for 34 days. Total Puwas
originally 1.2 x 1071 M before supernatant replacement. Goethite
suspension concentrationwas 0.10 g/L, and ionic strength was
controlledwith 10 mM NaCl. Error bars indicate two standard
deviations of measurement uncertainty derived from counting
statistics. Shown are linear models which consider a pH-
dependent and a pH-independent term.

The pH-dependentagingand time-dependentdesorption
behavior in the presence andabsence of DFOB can be used
to identify the aging processes that may play a role in Pu
sorptionbehavior. Pu adsorptiondatain the presence of
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DFOB suggest that anon-redox, aging mechanismplays a
role in stabilizing Pu(lV) on the goethite surface. In the
absence of DFOB, the pH-and time-dependent adsorption
rates are slower thanpreviously reported rates of surface
mediated Pu(V) reductionon goethite. The initial Pu(1V)
stock solution contained ~10% Pu(V). Thus, while redox
transformations likely played arole in Pu adsorptionrates
at early times (days), the observed agingon a timescale of
weeks is not consistent with surface mediated reduction
processes. The decrease in Pu desorptionasa function of
equilibration time, particularly at pH 4, provides clear
evidence thatPu(lV) sorbed to goethite becomes more
stable with time. At higher pH values, the effectis less
pronounced, suggesting a pH-dependence to thisaging
process.

Implications of Aging on Pu Subsurface
Migration

The aging phenomenaobserved in this work may impact
the fate and transport of Pu in the environment. As natural
soils contaminated with Pu age, thestrength of Pu sorption
to bulksoilwill increase with increasing time and make Pu
less labile. Importantly, the aging process has been shown
to include non-redoxmechanisms. Furthermore, Ry values
based onshorttermadsorptionor desorption experiments
will underestimate longtermequilibriumKyvalues, and
lead to overestimated aqueous Pu transport distances.
Conversely, if Pu is sorbedto mobile colloids, aging may
result in formation of stronger Pu—colloid associations and,
thus, lead to greater colloid-facilitated Pu transport
distances. These aging phenomena supportthe frequent
observations of colloid-facilitated Pu transport [12, 13]
wherein Pu can be transported significantdistances
adsorbedto thecolloid on atimescale of years.
Furthermore, the pH dependency of aging implies that the
magnitude ofthis effectwill be dependenton thelocal
geochemical conditions but will occur regardless of
whether Pu redoxtransformationis prevalent.
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Pu Speciation in the Presence of DFOB (Fig. Al)

In the presence of DFOB, Pu(IV) species in the formof PuDFOB*, PuH,(DFOB),*" and Pu(OH)4@q dominate a large
range of pHand E; conditions.

Eh (volts)

oz A Tpoil B |
~—  PuO; T
\PUO; ‘h“-“—“-_‘ T T \_
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' 7 5 PUDFPB** 20frea)
Pu(OH); @
©
% I PuH,(DFOB),"
Pu(OH),(aq) w
of Pu(OH|4(aq)
++
—Sra5°C l .
4 5 6 7 8 9 10
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Fig. Al. Equilibrium speciation for 10m Pu(A) in the absence of DFOB and (B) in the presence of 1.7 uM DFOB. PuO, minerals
suppressed and 10 mM NaCl is included. Constantsare from refs[1, 2]. (Geochemist’s Workbench Standard 8.0).
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Pu Speciation in the Presence of DFOB and Fe(l11) (Fig. A2)

In the presence of 1.7 uM DFOB and 1.0 uM Fe**, Pu(I\V)-DFOB species in the formof PuDFOB** and
PuH,(DFOB),** dominate over Pu(OH),** species at experimentally relevantpH values.

10°
B
4 ¢ 107 F -
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@ Q
[ Q.
wn wn
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+ ]
(] 9
© M
iC E 1073k
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— PuDFOB(OH) " —  Pu(OH),,, — Pu-hydroxide complexes
— PuH,(DFOB),*" PU(OH), — Pu-DFOB complexes
— PuDFOB?** —  Pu(OH),?
—  PuHDFOB?®!

Fig. A2. (A) Equilibrium speciation of 1072° M Pu(IV) in the presence of 1.7 uM DFOB, 1.0 uM Fe®" and 10 mM NaCl. (B) Total
fractions Pu(OH),** and Pu(IV)-DFOB species are shown. Constantsare from refs [1-3].
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Isotherms for DFOB Sorption to Goethite (Fig. A3)

The DFOB surface coveragewas estimated by using published sorption isotherms [4, 5] to extrapolate to 1.7 uM total
DFOB and 0.10 g/L goethite. Based on the Langmuirisothermmodel (Eq. 1) shown in Fig. A3, a conservative estimate
for the amount of DFOB sorbed to goethiteis 1.1 pmol/g or 6.2%. The Langmuirisothermmodel indicated a maximum
surface excess, Nyax, 0f 1.2+ 0.2 umol/g and Langmuir parameter, K, of 3.7 + 2.1 uM. From linear isothermfits to the
lowest concentration measurements from Kraemer et al. (1999) and Cheah et al. (2003), the amount of DFOB sorbedto
goethiteis 0.7 pmol/g and 0.3 pmol/g or4% and 2%, respectively.

Langmuir Equation:

Nprog = nmax% @
1.8
16| |
1.4
1.2
1.0 A
0.8
0.6 |A

Sorbed DFOB, n ., (emol/g)

0.4
0.2

B B Kraemer, et al. (1999)
A A Cheah, etal. (2003)

— Langmuir model

00 L I I I |
0 20 40 60 80 100

Soluble DFOB, ' (uM)

Fig. A3. Theisotherm from Kraemer et al. (1999) is measured at pH 6.6 for 13 g/L goethite, 10 mM NaClO,4, and 5 mM MOPS
buffer. The isotherm from Cheah et al. (2003) ismeasured at pH 5 for 10 g/L goethite, 10 mM NaClO,4, and 5 mM MOPS buffer. The
Langmuir model is from Cheah et al. (2003).
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Estimated Dissolved Iron in the Presence of DFOB

The iron dissolution rate was previously measured® at pH 6.5, in the presence of0.5 g/L goethite, 240 uM DFOB, 5SmM
MOPS buffer,and 10 mM NaClO,. The surface area of the goethiteused by Kraemer et al. (1999) was 35 + 3 m?/g as
determined by thestatic BET method.

mol . h
00252 x 0.1%(goeth|te) X 24— x 25 days = 1.2 umol/L @)
g
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Batch Adsorption—-Desorption Experiment in the Presence and Absence of DFOB (Fig. A4,
Tables A1-A3)

Solutions of 10 MM NaCl and 0.075 g/L synthetic goethite were prepared in 15mL polyethylenetubes. Afteraddition
of Pu from Pu(IV) or Pu-DFOB stocksolutions, the final Pu concentration of samples was 1.7 x 10°° M for DFOB-
containingsamplesand 1.9 x 10" M for DFOB-free samples. Additional DFOB was added to DFOB-containing
samples fromthe DFOB stock solution toyield 1.7 uM DFOB. Samples were adjusted topH 6 and 8 with dilute HCI
and NaOH. After 25 days’ adsorption, experiments were phase separated and supernatants exchanged for fresh Pu-free
solutions ofthe same pHand DFOB concentration. During desorption, aqueous Pu was measuredat 3hours, 5hours,
18 hours, 3days,and 12 days.

Table Al. Percent Pusorbed during adsorption step

DFOB pH 2 hours 5hours 1 day 3 days 10 days 25 days
Conc. (uM)

0.0 6 84.9+0.4 82.1+0.4 71.8+0.5 70.2+0.5 79.8+0.4 83.3+0.4
0.0 8 87.74+0.3 87.28+0.3 89.42+0.3 92.8+0.3 96.04+0.20 98.40+0.14
1.7 6 9.7+1.0 10.1+£1.0 21.7+0.9 8.7+1.0 23.3+0.9 27.7+15
1.7 8 22.6+0.9 30.6+0.8 24.3+0.9 26.8+0.9 38.510.8 439+1.2

Table A2. Estimated First Order Adsorption Rate Constants (s%).

pH DFOB-free 1.7 uM DFOB
6 9+16x 1078 9+4 x10®
8 9.4+0.9x107 1.4+0.8x107
100 &
#
= 7
90 |
Jae:
3 K
E 80 |
jurs
& EI i o
B 70 -
=
o [
g el ®
50 |

0 2 4 6 8 10 12
Desorption Time (days)

H=6, DFOB-free
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H=8, DFOB

B [ B 1
B [ B
T T T T

Fig. A4. The percent of Pusorbed is plotted against time for Pudesorption from 0.075 g/L goethite suspensionswith 10 mM NaCl
for ionic strength control. Puwas initially added as Pu(IV) to samples containing 1.7 uM DFOB and DFOB-free solutions. Error bars
represent two standard deviations of measurement uncertainty derived from countingstatistics. T he first data point was collected
after a3 hour desorption time period.

Table A3. Percent Pusorbed during desorption step
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DFOB pH 3 hours 5hours 18 hours 3 days 12 days

Conc. (uM)

0.0 6 96.44+£0.22 95.41+0.24 88.1+0.4 76.9x0.5 74.0%£0.5

0.0 8 97.32+£0.17 96.90+0.18 94.30+£0.24 93.13+0.25 92.1+0.3

1.7 6 748+1.0 726+1.0 64.3+1.1 61.1+1.2 70.2+1.0

1.7 8 85.2+0.6 83.5%£0.6 75.7+0.7 73.4%0.8 75.8+0.7
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Batch Experiments with Varying Adsorption Equilibration Time: Adsorption Measurements
(Fig. A5)
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Fig. A5. Logarithmic adsorption distribution ratios (Rq) for Puon 0.10 g/L goethite suspensions as a function of pH and time. T otal
Pu concentration is 1.2 x 10" M, and ionic strength was controlledwith 10 mM NaCl. Error bars indicate two standard deviations of

measurement uncertainty derived from countingstatistics.
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HR-TEM Images of Goethite Micropores (Fig. A6)

~10A =bo

b

Fig. A6. A high resolution tunnelingelectron microscope image of a thin section showing goethite laths cut perpendicular to the c-
axis. Arrows indicate microporesoccurringat the boundaries of crystallite domains. Republished with permission of the
Mineralogical Society (Great Britain), from Schwertmann, U.: The Influence of Aluminum on Iron Oxides: I1X. Dissolution of Al-
Goethitesin 6 M HCI. Clay Minerals 19, 9-19 (1984).
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